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ABSTBiCT 


Ih«  relationship  bstvesn  the  applisd  wind  stress  and 
currents  predicted  by  a  prisitise  equation  ocean  circulation 
Bodel  was  analyzed  and  cosparel  to  theory  and  obsecTations. 
Three  one- year  data  sets  were  exuiined  using  Fourier  and 
rotary  spectrua  analysis  techniques.  The  Fourier  analysis 
re wealed  three  spectral  peaks  in  the  predicted  currents  with 
none  in  the  wind  stress.  These  peaks  correspond  to  synoptic 
variability  at  low  frequency,  the  inertial  response  at  an 
intersediate  freguMcy  and  a  nonphysical  response  at  high 
frequency,  due  to  the  finite  tise  differencing  procedure 
eaployed.  This  response  at  high  frequency  was  two  orders  of 
■agnitude  ssaller  than  the  peaks  at  the  synoptic  and  iner¬ 
tial  pvriods.  The  inertial  notion  was  the  sase  order  of 
sagnitude  as  the  synoptic  action  near  the  surface,  but  such 
weaker  below.  It  was  identified  by  the  rotary  spectrua,  and 


it  was  slightly  shifted  toward  lower  frequencies  in  direct 
proportion  to  the  tine  step  used  by  the  aodel.  The  Bkaan 
notion  appeared  to  be  restricted  to  the  baroclinic  response 
above  70  a.  The  tlae-varying '^''^ostrophi^^  flow  below  70  a 
was  essentially  barotropic. 
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I.  IMTHOD  OCTIOH 


Trkditiocally,  ganeral  oca an  circalation  aodels  have 
bean  aarlfiad  against  the  taaparatura  or  density  struct are 
of  the  ocean.  This  approach  was  sainly  astablished  becanse 
of  the  availability  of  ocean  Baasuraaents.  Teaperatare  and 
density,  through  salinity  valnas,  are  the  ocean  variables 
recorded  over  the  largest  area  of  the  world's  oceans  today, 
is  the  nosber  of  bathythersograph  recordings  and  ocean  stv 
tions  increased,  a  pod  of  teaperatare  and  salinity  aeasar 
aents  becaae  available,  foraing  a  general  ocean 
cliaatology  which  ooald  be  used  to  gauge  an  ocean  circuit 
tion  Bodel's  perforaance.  Once  reasonable  confidence  was 
established  in  the  aodel's  capability  to  reproduce  known 
ocean  theraal  and/or  density  characteristics,  sensitivity 
experiaents  could  be  conducted  to  test  the  effects  of  cer-* 
tain  changes  in  various  nodal  paraneters  on  different 
nodeled  features. 

Since  the  ocean  is  a  vast  sensible  haat  source  or  sink 
for  the  ataosphere,  ocean  circulation  lodeling  is  not  a 
field  tBto  itself,  but  it  is  also  tied  to  iaprove  atnos* 
pkeric  aodeling.  This  is  a  two  way  link  because  both  fluids 
can  be  nodeled  by  the  sane  general  set  of  physical  equations 
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and*  depending  on  the  tine  scale  exanined*  each  forces  the 
other  in  their  overall  joint  clrcnlation.  is  a  result,  a 
better  understanding  of  the  ocean's  theraal  structure,  espe¬ 
cially  its  upper  profile  and  effects  which  nodify  it,  could 
lead  to  Inproveaents  in  an  oceanically  coupled  ataospheric 
clrcnlation  nodel  over  the  relatively  data  sparse  areas  of 
the  world's  oceans. 

The  objective  of  this  thesis  is  to  analyze  the  currents 
predicted  by  an  ocean  circulation  nodel  as  part  of  a  general 
Bodel  verification  prograa.  This  analysis  is  expected  to 
iaprove  the  ability  to  nodel  and  predict  changes  in  the  oce¬ 
an's  notion,  theraal  fields  and  its  response  to  ataospheric 
forcing  on  a  weekly  t-c  seasonal  tiae  fraae.  Besides  their 
own  intrinsic  laportance,  currents  play  an  iaportant  roll  in 
influencing  *he  theraal  structure  in  the  ocean.  In  this 
respect,  their  contribution  aay  be  twofold;  turbulent  nixing 
and  large-scale  advection.  Strong  shear  currents  are  res¬ 
ponsible  for  turbulent  nixing  through  convection,  while  the 
large-scale  Ekaan/geostrophic  flow  contributes  to  advection. 
Besides  iaproving  its  theraal  profile,  an  ocean  circulation 
nodel  which  correctly  depicts  aass  transport  would  have  a 
greater  overall  applicability  than  one  which  is  just 


concariwd  vlth  displaying  ths  tharaal  stractnra  of  a  water 
colnsa. 

One  of  the  reasons  currents  have  not  been  enained  in 
verification  studies  earlier  was  the  lack  of  available  open 
ocean  current  data.  But  as  part  of  NOSPAX  (Horth  Pacific 
Experiaent) ,  a  data  base  of  open  ocean  loig-tera  currents  is 
now  becoaing  available,  BcHally  (1981).  As  part  of  this 
ongoing  ezperiaent,  Gerald  J  McBally  of  Scripps  Institute  of 
Oceanography,  La  Jolla,  California  placed  a  nuaber  of  drift- 
'ers,  both  drouged  at  various  depths  and  androuged,  in  the 
North  Pacific  Drift  Current.  Bach  buoy  was  equipped  with  a 
transaitter  and  was  tracked  for  as  long  as  six  aonths  by 
BAHS  (Randoa  Access  Heasureaent  Systea)  onboard  NIBBDS  6. 
Several  results  of  this  ongoing  investigation  are  now  avail¬ 
able.  One,  the  apparent  lack  of  difference  between  current 
observations  at  the  surface  and  at  30  a,  will  serve  as  a 
good  test  for  ezaaining  the  current  profile  produced  by  an 
ocean  circulation  aodel.  The  observed  statistical  relation¬ 
ship  between  winds  and  currents  also  needs  to  be  investi¬ 
gated  froB  a  theoretical  or  soda  ling  point  of  view. 
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II.  flOfiSL  S8S£M£XIQB 


The  lod*!  aralaatad  was  dawalopad  by  Robart  L  Hanay, 
Bawal  Postgradaata  School,  Soatarey,  California  (Ranay  at 
al,  1978) .  It  Is  a  prisltiva  agnation  aodal  appliad  to  a 
barocllnic  ocaan  in  a  ractangalar  basin.  It  contains  20 
lewals  in  tha  wartical  with  8  in  the  nppec  200  a.  The  nodal 
is  basad  on  tha  hydrostatic  and  Bonssinesg  approzinations. 
k  rigid- lid  approxination  is  sad  a  at  the  surface  and  salin¬ 
ity  is  naglactad.  Tha  affects  of  subgrid  or  nesoscale 
Boticn  are  parasatari zed  by  vertical  and  ncnlinaar  horizon¬ 
tal  eddy  Tiscositias  and  conductivities. 

Tha  aodal  is  driven  by  heating  and  stresses  appliad  at 
the  surface.  Tha  downward  flux  of  heat  and  nonantus  is 
detarsinad  by  tha  following  tisa-dapandent  variables:  tha 
predicted  ocean  surface  teaparature,  tha  prescribed  values 
of  6-hoarly  surface  winds  and  aonthly  aean:  air  teaperature, 
specific  hnaidity,  fractional  cloud  cover  and  incoaing 
shortwave  radiation.  These  guaatitias  are  used  to  calculate 
the  shortwave  and  longwave  radiation,  sensible  and  latent 
heat  and  surface  wind  stress.  The  bulk  aarodynaaic 


equations  for  deteraininq  wind  stress  fros  serine  winds 
alonq  with  the  prisitiwe  equations  of  notion,  the  continuity 
equation,  tae  first  law  *of  theraodysanics  and  the  equation 
of  stare  can  he  found  in  Haney,  et  al  (1978) .  The  governing 
solar  radiation  equations  can  also  be  found  in  this  refer¬ 
ence  with  one  exception.  h  new  approach  as  outlined  in 
Haney  (1980)  allows  scae  of  the  solar  radiation  to  penetrate 
to  depths  greater  than  20  a  rather  than  being  totally 
absorbed  in  this  layer  as  was  the  case  with  the  old  radia¬ 
tion  equation. 

To  handle  the  transport  of  heat  and  aoaentua  which 
occurs  on  scales  too  saall  to  be  resolved  by  the  grid  spac¬ 
ing  eapLoyed,  para net erlzations  of  these  notions  are  aade  on 
scales  which  are  discernible  by  the  aodel.  Since  eddy  flow 
is  iaportant,  especially  in  western  boundary  currents  and 
their  extensions,  this  notion  aust  not  be  neglected  in  an 
ocean  circulation  aodel.  Ontil  nodal  grids  are  reduced  to  a 
size  sufficiently  snail  to  allow  eddy  representation,  vari¬ 
ous  theories  aust  be  applied  to  approzinate  eddy  notion. 
The  Haney  aodel  uses  the  aizinq  length  and  aoaentua  hypothe¬ 
sis  of  classical  turbulence  theory.  This  approach  intro¬ 
duces  coefficients  of  horizontal  eddy  viscosity  and 
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condactiTity.  T«rtlcal  dlffasion  is  approxlaatcd  through 
saall  coafflciants  of  Tartical  addy  viscosity  and  condactlv- 
ity,  sss  Hassy,  ct  al  (1978). 

hctlvs  torbalant  vartical  aixing  of  haat  and  aonantaa  in 
tha  aodal  is  basad  on  a  parasatarizad  "dyaanic  ad jastaant”. 
Tha  kay  to  tha  adjastaant  is  tha  local  gradient  Richardson 
naabar.  This  nnabar  is  a  non*diaenslonal  aeasnra  of  stabil» 
ity  as  it  ralatas  tha  local  hydrostatic  stability  or  density 
stratification  to  tha  square  of  tha  local  shear.  Rhen  the 
water  coluan  is  neutral,  the  local  Richardson  nuaber  takes 
on  its  critical  value  of  0.25.  This  value  was  theoratically 
established  and  is  justified  through  observations  presented 
in  Thoapson  (1980) .  The  adjustaent  consists  of  checking  the 
water  coluan  at  all  levels  below  the  surface  for  dynaaic 
instability.  This  condition  exists  if  the  local  gradient 
Richardson  nuaber  ooaputed  between  two  adjacent  aodel  levels 
falls  below  its  critical  value.  in  this  case,  a  vertical 
nixing  of  both  tenpeiature  and  velocity  coaponents  between 
the  adjacent  levels  transpires  in  such  a  way  that:  (a)  heat 
and  nonentun  are  conserved,  (b)  the  nixing  ratios  for  heat 
and  aoaentun  are  set  equal  and  (o  the  adjusted  gradient 
Richardson  nuaber  is  set  equal  to  its  critical  value.  The 
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specifics  of  this  adjoBtaont  pcocodore  can  b«  found  in  ida- 
aac,  at  al  (1981).  It  la  thrsagb  this  pacaaatatizad  alzing 
aachanisB  that  tha  aodal  pradictad  currants  affact  tha  trar> 
tical  turbulant  airing  of  both  haat  and  aoaantua.  This  is 
bacausa  tha  gradiant  Bichardson  nuabar  dapands  on  tha  sggp;a 
of  tha  shaar  of  tha  acdal  predicted  currents. 

Baroclinic  (or  ^ear)  currents  ace  handled  through 
direct  calculations  fzoa  the  horizontal  egaationa  of  aotion. 
The  uertically  averaged  currents  are  defined  by  a  strean- 
function  derived  by  a  vertical  average  of  tha  horizontal 
aquations  of  notion  and  governed  by  the  vocticity  equation. 
These  average  currents  are  then  added  to  the  results  of  the 
priuitive  equations  to  yield  the  total  currents.  The  aodal 
runs  on  a  staggered  grid  with  tha  teapecature  and  streaa* 
function  gridpoints  established  at  the  aodal  indices  and 
Boaentua  gridpoints  offset  by  half  n  grid  length.  Tine  dif> 
ferencing  is  accoaplished  by  using  the  leap-frog  schese 
with  a  Buler-backvard  scheaa  inserted  every  8  tiaesteps  to 
reduce  "tine-splitting". 

The  rectangular  doaain  covered  in  tha  aodal  is  in  the 
Horth  Pacific.  It  is  90"  of  longitude  in  vidth,  running 
froa  laS"  I  to  125"  1  and  is  65®  of  latitude  in  length. 
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rnnninq  from  th«  equator  to  65^  V.  This  doaalB  allows  the 
Bodel  to  siaalate  the  clrcalatlon  pattern  of  the  interior 
Vortb  Pacific  Ocean.  The  qeneral  surface  flow  includes  the 
equatorial  flow  patterB«  the  forth  Pacific  gyre  and  the  Snb<^ 
polar  qyre  systess.  The  cosplex  flow  around  the  JapansM 
and  lleutian  Islands  are  not  rewealed  because  these  Intr^d- 

inq  land  sasses  are  not  included  in  the  boundary  conditions. 

/ 

The  bottoa  is  flat  at  a  unifora  depth  of  •  ks.  it  th 
lateral  boundaries/  there  is  perfect  insulation  of  both  heat 
and  aoaentUB  with  zero  welocity  except  at  the  equator  where 
a  free  slip  condition  is  laposad .  The  bottoa  is  also  ther> 


sally  insulated  but  a  snail  stress  is  iaposed  throuqh  a  8la-> 
pie  quadratic  drag  law/  see  Weatherly  (1972). 


HI.  OQfifili  2SISBZ 


i.  MOD8L  XHITIiUZiTIOV  AID  SIHULAIIOH 

Th«  lod*!  siaalation  vas  pclaarily  Irivan  by  10  jaars 
(froa  01  Jan  1969  thiongh  31  Oac  1978)  of  S-honrly  aarlna 
wind  analysas  parforaad  by  FHOC  (Plaat  Haaerlcal  Ocaanogra- 
phy  Cantar#  Hontaray«  California)  .  Thasa  winds  ara  tha 
▼ariabla  input  to  tha  bulk  for  aula  usad  to  calculata  tha 
surfaca  wind  strass  and  tha  latant  and  sansibla  heat  flaxes 
in  tha  nodal.  Tha  othar  ataosphario  forcing  wariablas: 
solar  radiation,  dead  cower,  air  tanperatara  and  wapor 
prasaare;  ara  all  prascribad  by  aonthly  cllaatologlcal 
walaas.  Tha  *8oareaa  of  thasa  waloes  are  giwen  in  Haney,  at 
al  (1978). 

Tha  nodal  started  froa  an  initial  state  with  zero  cor- 
rants  and  a  tanperatara  stractore  which  decreased  linearly 
with  depth  ranging  froa  a  walaa  equal  to  the  local  air  teap* 
eratara  at  tha  surface  to  C  at  the  bottoa.  It  then  ran 
for  3.5  years  froa  01  Jan  197h  through  30  Jun  1977  with  the 
forcing  being  sapplled  by  the  FHOC  wind  analysas  and  tha 
aonthly  ataospharic  cliaatologies.  During  this  initial 
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phase,  the  aodsl  assd  25  flzsd  Isssls  in  the  vertical  (12  in 
the  eppet  200  a)  tanning  on  a  soarse  gril.with  a  spacing  of 
approzieately  6^  of  longitade  and  4^  of  latitude. 

After  this  initial  "spin  ap<*  was  coaplete,  the  aodel  was 
ran  to  s isolate  three  decades  of  ocean  ciccalation  using  the 
10  years  of  wind  data  available.  The  first  10  years  of 
siaalation  was  ran  on  a  coarse  grid  (6^x40)  and  the  succeed* 
ing  20  years  were  ran  on  a  fina  grid  (30x2^).  Each  tine  a 
new  decade  of  siaalation  was  started,  a  saoothing  was 
applied  to  the  sodel  variables  (currents  and  tesperatores) 
in  order  to  reduce  "sodel  shock"  when  tha  wind  forcing  was 
shifted  back  to  01  Jan  1969.  This  saoothing  consisted  of 
averaging  the  sisulated  variables  over  tha  last  2  weeks  of 
that  particular  decade  and  using  these  average  values  when 
the  sodel  was  reinitialized  to  Jan  1969  to  start  the  next 
decade  of  sisulatiwi.  When  the  sodel  was  switched  to  the 
fine  aesh  grid,  the  grid  siza  was  cut  in  half  and  values 
were  linearly  Interpolated  to  the  new  gridpoints. 

B.  COARSE  GRID  OUTPOT 

The  coarse  grid  used  for  the  initial  decade  of  ocean 
siaalation  consisted  of  17  points  in  both  the  longitudinal 
and  latitadinal  direction.  As  a  result,  the  grid  spacing 
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vas  appcoxiaatalr  6^  cf  longitala  aad  of  latitude.  The 
Bodal  vas  run  vltb  20  lavals  is  the  vertical  vice  the  25 
levels  used  in  the  initialization  phasa.  The  levels  used  in 
this  siaalatioB  (for  both  the  coarse  and  fine  grid)  were  as 
follows:  5,  16.5,  31,  <I9,  71.5,  100,  136.5,  182.5,  240,  313, 
405.5,  522,  669,  855,  1090,  1385,  1760,  2235,  2830  and  3580 

a  below  the  ondistorbed  sarface. 

The  variable  coefficents  of  horizontal  eddy  viscosity 
and  conlnctivity  as  displayed  in  Haney,  et  al  (1978)  cose 
fro  a  the  following  agnation  ~ 

A  •  A.  [/  ♦  OJ 

where  5  is  the  relative  vorticity  of  tha  vertically  aver¬ 
aged  current  and  AS  represents  a  constant  which  is  a  aea- 
sure  of  the  grid  size.  In  the  present  aodel  «  «  4  z  10 
sec/ca*.  For  the  coarse  grid,  the  background  value  for 
aoaentua  is  A.  «  5  z  10*  CB*/sac  and  for  heat  is  1  z  10*  ca* 
/sec.  The  vertical  eddy  viscosity  is  ■  5  ca*  /sec  and 
conductivity  is  K,  *  0.5  ca*/s8c  .  The  coarse  grid  is  run 
using  a  6  hour  tine  step. 

During  this  first  decade,  one  saapla  of  aodel  output  for 
all  levels  in  the  vertical  at  a  single  gridpoint  was 
eztractad  for  analysis.  The  gridpoint  choosen  was  located 
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Fignr*  1 


.  gr|apoiiit  PoaitloQ  SalatlT*  ts  lORP&z  Driftar 

**:  4 2. 66  0  I  and  150.31*  f.  Saa  Fig.  1.  Iha  analysis  pariod 
want  froB  01  Jal  1976  OOZ  thcoagb  30  Jaa  1977  18Z.  This 
^ina  frasa  and  location  was  choosan  foe  a  praliainary  analy 
sis  of  tha  nodal* s  raponna  bacansa  it  corrasponds  to  the 
spaca  and  tiaa  doaain  of  tha  dciftar  data  collactad  by  6.  J. 
RcRally  for  lOBP&Z  and  in  in  tha  aajor  stroa  track  across 
tha  Berth  Pacific.  It  is  possibla  that  tha  initialization 
of  tha  aodal  and  tha  transition  to  tha  fics^  dacada  affactad 


th«  quftllty  of  th«  output  usud  la  the  analysis.  But  sines 
ths  Bodsl  hsd  run  through  8.5  yoars  of  coatlnuous  slsulation 
bsfors  ths  output  wa  sxtractsd,  and  bscauss  ths  analysis 
was  only  oonductsd  down  to  313  b»  it  vas  felt  that  any 
Influsiws  of  ths  initial  coaditions  woald  huTS  long  since 
been  dispersed  froa  the  current  structure. 

C.  Fin  8BZD  OOTPOT 

The  fine  grid  representation  was  established  to  isprowe 
the  horizontal  resolution  of  the  predicted  variables  and  the 
inertial  response  in  the  sodel.  This  was  accosplished  by 
reducing  both  the  grid  spacing  and  the  tiie  step  used  in  the 
finite  differencing  schese. 

The  fine  sesh  version  usas  33  gridpoints  In  both  the 
longitudinal  and  latitudinal  directions.  This  reduces  the 
grid  spacing  to  approzlsately  3^  of  longitude  and  2*  of 
latitude  or  twice  the  resolution  of  the  coarse  grid.  Once 
again,  a  staggered  grid  is  usad  with  the  teaperature  values 
deterslned  at  the  aodel  indices  and  the  aoaentaa  values  off* 
set  by  half  a  grid  length.  The  tlae  stap  used  in  Integra* 
tion  vas  also  halved  to  3  hours  to  aaintain  linear 
coBputatlonal  stability. 
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Th«  only  oth«r  change  Is  la  ths  sagnitads  of.  ths  hori¬ 
zontal  addy  viscosity  and  coadaotivlty  coafficlsnts.  Thsss 
constants  ars  rsdncsd  by  a  possr  of  tan  to  a  valne  of  i.  «  5 
X  1o'  CB*/aac  for  viscosity  and  1  z  10'  ci*/sec  for  conduc¬ 
tivity.  Ths  govsming  sguatioa  say  bs  fonnd  in  ths  prsvlous 
ssctlon  covsring  ths  ooarss  grid. 

ill  ths  othsr  aodsl  paraastsrs  and  critaria  ars  ths  saas 
as  ths  coarss  grid  vszslon.  Ths  saas  20  Isvsls  ars  assd  for 
vsrtical  rssolution.  Ths  ralativsly  saall  coafflciants  of 
sddy  viscosity  and  conductivity  in  ths  vsrtical  havs  also 
bssn  Isft  unaltsrsd. 

Ths  fins  Bssh  slsulation  of  ocsan  circulation  consistsd 
of  tuo  dscadss  of  aodsl  szseution.  iftsr  ths  two  wash  avsr- 
ags  froa  ths  and  of  Dscsabsr  1978  was  applisd  to  ths  coarss 
grid  at  ths  conclusion  of  ths  first  dscada  sodslad,  ths  grid 
Isngth  was  convsrtsd  to  ths  fins  assh  langth.  i  linear 
intstpolation  of  ths  avsragsd  u  and  v  currants  and  tsapsra- 
turss  was  psrforasd  to  assign  valuss  to  ths  nswly  crsatsd 
intsrvsning  gridpoints.  Tha  sscond  dscada  of  currant  siau- 
lation  was  than  conductsd  rsusing  ths  10  ysars  of  aarine 
wind  analyass  supplisd  by  noc.  To  usa  a  3-hour  tins  stsp 
in  ths  fins  assh  run,  a  linsar  intarpolation  of  ths  6-hourly 
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synoptic  winds  was  psrforssd.  Ihs  other  atsospheric  forcing 
parsMters  still  case  froa  the  saae  aonthly  cliaatology  as 
ased  in  the  coarse  grid  ran. 

When  the  second  decade  (first  with  th?  finer  resolution) 
was  coapleted,  a  third  decade  was  ran.  Once  again,  the  two 
week  awerage  saocthing  procedure  was  eaployed  on  the  ocean 
▼ariables  between  decades  before  the  winds  were  reinitial** 
ized  to  01  Jan  1969.  It  was  froa  this  third  decade  of  siau* 
lation  that  the  two  fine  aesh  saaples  of  aodel  oatpat  for 
data  analysis. 

The  firs-^  fine  grid  data  set  ran  froa  01  Jal  1969  03Z 
through  01  Jul  1970  OOZ.  It  consisted  of  a  single  gridpoint 
with  all  the  walues  in  the  vertical  being  extracted  as  in 
the  coarse  grid  case.  The  gridpoint  extracted  in  this  case 
was  located  at  43. 67^  h  and  148. 91^  4.  See  Pig.  1.  The 
analysis  of  this  data  allowed  an  interannual  coeparison  in 
studying  the  aodel*s  fine  aesh  perforaance. 

The  final  data  set  aatched  '^he  tiaafraae  and  general 
location  of  the  coarse  grid  set.  It  was  located  at  4l.64o  n 
and  151.72^  4.  See  Fig.  1.  This  set  was  studied  in  'rhe 
greatest  detail  in  an  atteapt  to  understand  the  aodel' s  res¬ 
ponse  and  coepare  it  to  soee  of  the  preliainary  results 
available  froe  the  HOBP&X  drifter  data. 


IV.  UBS PITS 


1.  AB&LTSIS  PBOCBDOBES 

Bach  BOdal  data  sat  extracted  froa  the  siaolation  was 
analyzed  asing  a  new  Bloaedical  Coaputer  Prograa,  P-serles 
snbroutine,  BDHP1T  -  Onivariate  and  Biwaciate  Spectral  ina- 
lysia.  This  prograa  package  becaae  available  in  the  begin¬ 
ning  of  1962.  It  uses  cosine  transfnras  in  a  fourier 
analysis  approach  to  redace  in  pat  data  into  its  spectral 
coaponents  at  all  the  analyzable  frequencies,  froa  0.0  to 
0.5  (the  Hyquist  frequency).  The  subroutine’s  output  fre¬ 
quencies  are  diaensicned  per  unit  data  tiae  step  and  as  a 
rcsalt  aost  be  converted  to  ba  aeaningful  to  the  particular 
data  set  analyzed.  The  spectral  package  runs  its  analysis 
using  three  different  bandwidths:  narrow,  aediua  and  wide. 
These  bandwidths  aay  either  be  individually  specified  or 
assigned  by  the  prograa  if  left  to  the  default  node,  in  the 
default  aode,  the  bandwidth  size  is  dependent  on  the  nuaber 
of  values  in  the  input  data  set.  Since  this  study  was  only 
concerned  with  the  large-scale  trends  displayed  by  the  Raney 
general  circulation  aodel,  only  the  widest  bandwidth  results 
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v*rc  utillMd.  These  results  were  also  the  ssoothest  curwes 
produced  by  the  subroutine  and  are  statisrically  the  sost 
stable.  For  a  cosplete  description  of  this  progras  package, 
refer  to  Bngelsan,  et  al  (1981|  .  This  spectral  option  was 
chosen  ower  the  other  progras  libraries  available  at  the 
Hawal  Postgraduate  School  because  of  the  ease  in  interpret¬ 
ing  its  output,  variety  of  analysis  options  available, 
detailed  description  in  the  user*s  sanual  and  clarity  in 
diagnostic  sessages  produced. 

i  detailed  analysis  of  the  fine  sesh  1976-77  data  set 
was  perforsed.  It  involved  a  description  of  the  tesperatnre 
and  stability  profile  of  the  slsulated  upper  ocean  over  the 
annual  cycle,  a  spectrus  analysis  of  the  predicted  currents, 
a  lowpass  spectral  analysis  to  exasine  th4  Bodel*s  wind/cur¬ 
rent  relation  and  a  rotary  spectrus  analysis  to  exasine  its 
inertieil  respcnse.  The  lowpass  analysis  was  a  two  step  pro¬ 
cess.  First,  the  sodel  current  data  was  run  through  an 
eleven-point  lowpass  filter  to  resove  the  energy  above  the 
inertial  frequency  as  detersined  by  the  original  spectrus 
analysis.  The  weights  used  by  this  lowpass  filter  were: 
0  .  0  1  66  ,  0.04  02  ,  0.07  99  ,  0.1231  ,  0.1561,  0.16  84  ,  0.1561, 

0.1231,  0.0799,  0.0402,  0.0166.  ifter  lowpass  filtering. 
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the  3-h3url7  data  was  raaaaplad  twica  a  day  and  spactrally 
analyzed  once  again.  This  procedure  resulted  in  increasing 
the  discernible  analysis  range  produced  by  the  Bioaed  spect- 
ruB  analysis  package.  With  a  saapling  interral  of  12  hours, 
the  analysis  period  was  increased  to  1  to  20  days  as  con* 
pared  to  the  6  to  120  hour  range  depicted  by  the  3~honr  tiae 
step  data  of  the  general  study.  Ihe  relationship  between 
the  input  wind  stress  and  aMr  surface  currents  was  then 
exaained  at  this  extended  frequency  range. 

The  rotary  spectroa  analysis  produced  a  decoapositlon  of 
the  aodel  spectral  currents  into  their  cyclonic  and  anticy 
clonic  coaponents.  This  procedure  utilized  the  autospectrua 
of  the  u  and  ▼  current  coaponents  and  their  guadraTture 
spectrua  at  each  of  the  aodel  levels  studied.  The  result  of 
this  analysis  is  a  ratio  of  the  cyclonic  to  anticyclonic 
circulation  which  can  then  be  coapared  to  the  theoretical 
ratio  using  the  analyzed  frequencies  and  the  inertial  fre¬ 
quency.  iccording  to  theory  (Hooers,  1973),  the  value  of 
this  ratio  approaches  one  at  the  very  highest  and  lowest 
frequencies  (coapared  to  the  inertial  frequency)  and  is  zero 
at  the  inertial  frequency.  Because  of  this,  the  aodel's 
inertial  frequency  will  be  indicated  by  a  ainiaua  in  the 
ratic.  The  equation  used  is  - 
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n(s)  . 

5(-»; 

the  cyclonic  spectine:  S(s)  «  0.5  (Gun  (s)  ♦Gtt  (s)  ♦2QaT  (s) ) 

anticyclonic  spectrnn:  S(*>s)  «  0. 5  (Gaa(s)  ♦gvt (s) ~2QaT (s) ) 

where  s^O  Is  a  giwen  frequency,  f  is  the  inertial  frequency. 
Gnu (8)  and  Gwt(s)  are  the  autospectra  of  u  and  ▼  respec* 
tlwely  and  Quw(6)  is  the  iaaqinary  part  (quadrature  spect- 
ruB)  of  the  cross  spectrun  between  u  and  ▼. 

The  results  of  these  analysis  procedures  will  be 
described  and  interpreted  In  the  following  sections.  The 
first  data  set  treated  is  the  fine  aesh  1976*77  data.  A 
general  description  cf  the  relewant  aodel  characteristics 
will  be  presented,  followed  by  the  spectrun  analysis 
results.  The  aodel* s  Inertial  frequency  will  then  be  dis¬ 
cussed,  followed  by  supporting  results  froa  the  rotary 
spectrun.  Then  the  wind/current  relation  will  be  presented 
using  the  lowpass  filtered  analysis. 

Once  the  analysis  of  the  1976-77  fine  aesh  data  is  pre¬ 
sented,  a  coaparison  will  be  aade  with  the  1969-70  fine  aesh 
data.  After  this  coaparison,  the  1976-77  data  set  will  be 
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coap«r«d  to  its  coarss  grid  cooBtsrpart.  Ths  rssnlts  sag- 
gast  thers  is  little  diffaranss  bstvaan  the  two  diffarant 
years  of  fine  eesh  data  bat  sose  iep^ctant  differences 
between  the  coarse  and  fine  grid  data  sets  exist. 

B.  FIBS  BBSH  BBSOLIS 

1.  Suaiftl  s£  SfiU  EftUllilCS 

Each  of  the  data  sets  was  analyzed  at  four  eodel 
levels:  level  1  (5  m,  called  the  surface  level  in  the  res¬ 
lats),  level  3  (31  a),  level  5  (71.5  a)  and  level  10  (313 

a)  .  These  particular  levels  were  chosen  to  discern  the 
Bodel's  characteristics  through  its  apprsxiaate  alxed  layer 
representation,  in  the  transition  zone  or  theraocline  below 
*he  surface  nixed  layer  and  in  the  interior  of  the  aodel. 
This  dscoaposition  of  the  water  coluan  at  the  gridpoint 
selected  is  supported  by  the  tea pera tare,  stability  and  cur¬ 
rent  structure  produced  by  the  aodel. 

The  teaperatare  structure  during  1976-77  is  dis¬ 
played  in  Pig.  2.  It  shows  a  typical  nixed  layer  structure 
going  fron  a  very  warn,  shallow  (approxieately  10  a)  nixed 
layer  in  the  sunaer  aonths  of  June,  July  and  iugust  to  a 
deep  isotheraal  layer  in  the  winter  and  early  spring, 
approxinately  February  through  hprll.  The  nixed  layer 
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Figure  2.  Mesh  Tesperatura  Structurs  (JOL  76  *  JOM 

extends  to  at  least  30a  froa  October  through  Hay  supporting 
the  selection  of  30  a  as  a  good  depth  for  approxiaatlng  the 
central  part  of  the  sized  layer*  The  selection  of  depth 
71.5  a  as  the  aean  transition  zone  is  supported  by  the  loca> 
tion  of  seasonal  theraocline,  which  is  below  71.5  a  froa 
August  through  January.  The  seasonal  theraocline  does  not 
reach  that  depth  in  the  suaaer  and  vanishes  in  the  winter, 
as  expected.  At  313  a,  the  teaperature  is  relatively  con* 
stant  throughout  the  year,  placing  it  below  the  surface 
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theraal  effects  and  indicating  that  it  represents  the  coaaon 
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Figure  3.  Blchardeon  luater  based  on  Total  Currents  for 
Fine  Heeh  Bodel  (J8L  76  •  JON  77)  . 

The  dyeanlc  stability  of  the  water  coluan,  as 

represented  by  the  Bichardsoo  nuaber,  also  supports  the 

theraal  structure  breakdown  criterion  salected.  Pig.  3 

shows  the  gradient  Richardson  nuaber  (Ri)  in  increaents  of 

0.5  based  on  the  total  current,  where  ' 

R;  •  J  W 


and  •(  is  the  theraal  expansion  coefficient,  g  is  the  gravi* 
tational  acceleration  and  T  is  the  teaperature.  The  contour 
intervals  plotted  represent  Ri«0.5.  The  saallest  value 
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contour  of  Bl«0.5  Indlcatos  that  the  tarbalent  portion  of 
the  eater  oolaen  is  above  this  line.  The  critical  value  of 
BlsO.25  (where  the  eater  coluen  becoees  neutral)  lies  in 
this  upper  region  and  aarks  the  base  of  this  surface  turbu¬ 
lent  structure.  is  the  Bichar dson  nueber  increases,  the 
stability  of  the  eater  coluan  increases.  The  largest  value 
contoured  represents  BiaS.O.  Osing  the  Septh  of  tha  criti¬ 
cal  Bichardson  nusber  as  an  indication  of  the  transition 
zone  below  the  well  sized  layer,  it  is  noted  that  this 
level  is  deeper  than  71.5  a  in  the  winter  and  shallower  in 
soaaer.  This  shows  the  selection  of  71.5  a  as  an  average 
for  the  transition  zone  was  reasonable.  The  iaportance  of 
the  shear  of  the  inertial  notion  in  deter aining  the  stabil¬ 
ity  can  be  displayed  using  a  plot  (Pig.  4)  of  the  gradient 
Pichardson  nuaber  calculated  fron  averaged  currents  with  the 
interial  frequency  reaoved.  is  can  be  seen,  the  unstable 
zone  does  not  penetrate  as  deeply  as  it  does  in  Pig.  3.  The 
depth  of  turbulent  sizing  that  would  exist  in  the  absence  of 
inertial  notion  is  sonewhat  less  according  to  this  coapari- 
son.  Thus,  these  notions  sake  an  iaportant,  though  perhaps 
not  crucial,  contribution  to  the  turbulent  nixing  in  this 
aodel. 
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Fioare  4.  Bichardson  Haeber  based  on  Heaa  Currents,  v it h 
Inertial  coaponents  Beeoved  for  Fine  Hesh  Bode 
(JOL  76  -  JOB  77)  . 
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Figure  5.  ^^r^j^t  Coeponent  froa  Fine  Hesh  Hodel 


Th«  abOT«  raaalt  is  also  support ad  b;  the  current 


profile  produced  by  the  sodel.  As  seen  in  both  the  east* 
west  cosponent,  ?ig.  5,  and  the  north-south  coeponent, 

6,  the  sajor  current  fluctuations  occur  above  approzlsately 
30  B.  Below  this  depth,  the  currents  show  little  change  in 
the  vertical  and  are  reduced  in  sagnitude.  Pig.  6  displays 
a  periodic  direction  reversal  balow  about  70  a,  as  desons* 
trated  by  the  heavy  vertical  line  representing  a  zero 
north-south  velocity.  This  pattern  depicts  a  basically 
barotroplc  response  below  the  aized  layer  which  Is  also  seen 
in  the  spectrua  analysis  presented  in  the  nezt  section. 


Northward  Currerrt  (crn/sec) 
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Figure  6.  Worth-South  Current  Cosponent  froa  Pine  Hash 
Hodel  (JUI  76  -  JOW  f7): 


2-  SBic^rM  lailnig 

l  spectral  analysis  of  both  ths  Icput  wind  strsss 
and  ths  carrsnts  prodoesd  by  ths  sodsl  was  sado.  The  band” 
width  ossd  was  0.2816  cyclss/day  (cpd) .  The  wind  stress  as 
seen  in  Pig.  7  was  analyzed  to  deteraine  if  a  spectral  peak 
was  present  which  ooald  be  transaitted  to  the  ocean  and  show 
up  in  the  current  sisulation.  Pith  no  peak  found,  it  can  be 
safely  assnsed  that  any  spectral  peak  in  the  currents  is  not 
a  direct  result  of  the  wind  stress  forcing  and  sust  be  due 
to  soae  oceanic  "natural  selection"  process.  Pigs.  8  and  9 
display  the  power  spectres  of  the  u  and  ▼  current  coapo-* 
nents,  respectively.  Three  spactral  peaks  can  be  seen.  The 
first  is  at  relatively  low  frequency  and  represents  the 
transient  flow  produced  by  ataospharic  synoptic  forcing  in 
the  Bodel.  This  peak  will  be  ezasined  in  the  wind/current 
relation  secrion.  Ths  barotropic  action  in  the  interior  of 
the  Bodeled  water  colusn  displayed  in  Fig.  6  is  represented 
by  this  portion  of  the  spectrua.  it  frequencies  less  than 
0.30  cpd,  the  energy  levels  at  level  5  (71.5  s)  and  level  10 
(313  a)  are  the  ease  indicating  that  aost  of  the  energy  in 
this  frequency  range  is  confined  above  71.5  a  and  the  model 
response  is  basically  barotropic  below  this  depth.  The 
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app«r  portion  of  th«  ocean  displays  baroclinlc  conditions  in 
contrast  to  this  barotroplc  response  in  the  eodel  interior. 
At  the  lowest  freqaendes  (^O.lcpd),  the  energy  spectra  in  a 
and  ▼  are  of  the  order  of  2.653  z  10*  and  1.761  z  10*  at  the 
surface  and  5.679  z  10*  and  3.7  99  z  10*  ce^/sec*  at  71.5  e 
and  below,  respectively.  This  indicates  RHS  currents  at 
these  frequencies  of  about  27.3  and  22.3  ce/sec  at  the  sur* 
face,  with  4.0  and  3.3  ce/sec  at  71.5  e  and  below. 

The  doeinant  peak  in  the  spectrue  is  centered  in  the 
0.9576  -  1.0256  cpd  range.  Its  aaplitude  is  of  the  saae 
order  of  sagnitude  as  the  low  frequency  peak  in  the  upper 
three  levels  analyzed.  This  peak  is  also  evident  at  313  e, 
but  here  its  aeplltude  is  such  ssaller  than  that  of  the  low 
frequency  notion.  Since  the  inertial  frequency  represents  a 
high  energy  level  in  the  ocean  coepared  to  the  frequencies 
around  it,  it  is  concluded  that  this  peak  is  the  eodel' s 
inertial  response.  This  response  is  discussed  in  greater 
detail  in  the  nezt  section.  The  last  peak  visible  is  very 
snail  in  anplitude,  located  at  relatively  high  frequency  and 
appears  only  in  the  upper  levels  studied.  This  peak  is  out* 
side  the  objectives  of  this  study  and  is  only  investigated 
because  of  the  narked  effect  in  the  rotary  spectrun 
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associated  sith  it.  It  appears  at  a  freqaency  corresponding 
to  a  period  roaghly  2.5  tines  the  sodel  tine  step.  It  is 
felt  this  high  frequency  peak  is  an  artifact  of  the  finite 
difference  schese  and  not  the  result  of  any  real  physical 
phenosenon.  Because  it  is  at  least  two  orders  of  sagnitude 
ssaller  than  the  other  significant  features  in  the  sodelr 
the  OTerall  effect  of  this  peak  on  the  aodel's  perf or nance 
should  be  ssall. 

3.  laactidl 

Osing  the  coriolis  paraseter  calculated  froe  the 
latitude  of  the  gridpeint  as  input,  the  inertial  period  is 
1.3289  cpd.  The  sodel* s  insrtial  response  lies  in  the 
0.9576  *  1.0256  cpd  range  according  to  the  spectral  results 
and  is  further  refined  by  the  rotary  spectrus  to  1.0256  cpd. 
This  shift  toward  lover  frequencies  appears  to  be  due  to  the 
trapesoldal  Ispliclt  tise  differencing  schese  esployed  by 
the  sodel  and  is  directly  dependent  on  the  length  of  the 
tise  step  used  (see  cosparison  with  coarse  grid  sodel 
below) . 

As  stated  in  the  previous  section,  the  inertial 
notion  in  the  ocean  vUl  be  associated  with  a  doainant  spec* 
tral  peak  when  the  currents  are  studied  over  a  year.  This 


rgv  Spectru*  of  Applied  «iod  Stress  in  Fine  Mesh  Model 


is  do«  to  the  tendency  for  intereittent  ocean  notion  at  the 
inertial  frequency.  The  signature  of  inertial  notion  in  the 
nodel  can  be  seen  in  the  spectrnn  analysis  throngh  313  n. 
The  energy  associated  with  this  notion  appears  sonewhat 
nasked  in  the  surface  level,  is  doninant  in  the  nld  levels 
and  falls  off  at  313  n.  The  spectral  energy  associated  with 
half  the  height  of  each  inertial  peak  at  1.0256  cpd  is 
listed  in  the  table  below  along  with  the  frequency  band  over 
which  this  energy  is  distributed. 


T&BL2  I 

Half  Power  Spectral  Engrgy  (c«*/! 
for  Hodel  Inirtial  Hctlofi  for  Pi; 

O'COHPOMEMT 

iism  £££££1  ^  simiBia 

sfc(Sa)  6.910  X  10*  0.233 

103  (31e)  1.047  x  10*  0.349 

L05(71.5n)  1.096  x  1 0'  0.360 

L10(313n)  7.244  X  10”*  0.287 

The  spectral  phase  infornation 

conponents  were  analyzed  shows 

the  nodel  was  anticyclonic. 

U'conponent  by  approxinately  90' 

to  90. 6^  at  313  a)  for  all  four 

fron  theory. 


'* )  and  Bandwidth  (cod) 
Hesh  (JOL  76  -  JOB  77) . 

y-C3HPOHEHT 

SB£SSI  S&BCmia 

3.981  X  10*  0.446 

7.943  X  10'  0.365 

7.244  0.376 

6.507  X  10**  0.303 

produced  when  the  a  and  v 

that  the  inertial  notion  in 

The  v-conponent  leads  the 

(fron  89.7®  at  the  surface 

levels  studied,  as  expected 
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Th«  rotary  spactraa  coafiras  this  spactral  peak  as 
the  Bodal's  iaartlal  laspocsa.  Tha  thaory  bahind  this  aaa- 
lysis  approach  (Hooats,  1973)  dictates  that  the  ratio 
batvaan  tha  cyclonic  and  anticyclonic  flow  coaponants  in  a 
vatar  coloan  go  to  zaro  at  the  inertial  fraquancy  where  tha 
notion  is  purely  anticyclonic.  The  results  of  the  rotary 
spactroa  calculated  fron  aquation  (2)  for  each  level  ana> 
lyzad  are  depicted  in  Pigs.  10  *  13  respectively.  Tha 
theoretical  curve  calculated  froa  equation  (3)  using  the 
actual  inertial  frequency  calculated  froa  the  gridpoint's 
Coriolis  paraaater  is  also  plotted  for  coaparison.  It  can 
be  concluded  froa  these  curves  that  the  aodel's  best  perfor* 
nance*  according  to  the  supporting  theory  for  the  rotary 
spectrun*  is  in  the  frequency  range  of  approziaately  0.3  • 
2.2  cpd.  Fron  the  tables  of  analyzed  frequencies  used  to 
produce  these  curves,  it  can  be  seen  that  the  ainiaun  in  the 
calculated  ratio  is  at  1.0256  cpd  which  corresponds  to  the 
inertial  frequency  deterained  froa  the  spectral  analysis 
covered  in  the  previous  section.  The  tables  used  in  the 
rotary  spectrua  nay  be  found  in  kppendiz  A.  Since  aost  of 
the  nodal* s  energy  at  each  level  is  contained  at  frequencies 
lover  than  2.2  cpd,  its  response  is  generally  good  when 
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examined  b;  this  ssthcd  which  is  based  33  inertial-internal 
ware  theory,  f<o'<ll. 


Figure  10.  Spectrua  for  Surface  (5  a)  ,  JOL 

According  to  the  rotary  spectrua,  the  high  frequency 
peak  risible  in  the  spectrua  analysis  (near  3.2  cpd)  appears 
t3  be  associated  with  strong  cyclonic  notion  at  all  levels 
studied.  But  the  BBS  velocities  at  this  frequency  are:  1.8, 
0.7  and  0.3  ca/sec  at  the  surface,  31b  and  71.5  a,  respec¬ 
tively.  There  is  no  peak  evident  at  313  a.  As  alluded  to 
earlier,  this  BOti<»,  having  a  period  near  lot,  aay  be  the 


rasttlt  of  tia«  splitting  in  the  leapfrog  tine  differencing 
scheae.  The  aodel*s  perforaance  can  be  iaproeed  if  this 
peak  is  reaoved;  bat  because  of  the  very  saall  aaount  of 
energy  associated  with  it,  its  iapact  on  the  aodel's  general 
ocean  circulation  characteristics  should  be  ainiaal. 


The  aia  of  this  part  of  the  study  is  to  inspect  the 
aodel's  perforaance  in  regards  to  Bkaan  theory  (wind  driwen 
flow  to  the  right  of  the  surface  stress  in  the  Rorthern 
Heaisphere).  iccordingly,  the  output  current  structure  will 


rent  and  Its  orthogonal  wind  stress.  the  point  at  which 
this  relation  breaks  down  in  going  toward  high  fregaencies 
indicates  the  lieit  of  steady  Bksan  response  and  the  transi- 
•  tion  in  gowerning  physics  to  tise  dependan*  Bksan  response 

'  to  the  applied  wind  stress.  this  transition  will  be  sap- 

t 

|f  ported  by  an  increase  in  the  coherence  with  the  parallel 

? 

wind  stress.  It  is  also  expected  that  the  coherence  between 
i  the  current  and  its  orthogonal  wind  stress  will  rapidly 


if 

r 

* 

SI 


dtpth.  kt  this  depth*  the  frictional  effect  of  the  applied 
wind  stress  falls  off  to  4  percent  of  its  surface  value. 
Belov  this  depth,  the  geostrophic  coaponent  of  the  current 
should  be  resoved  fros  the  flow  before  ai  evaluation  of  any 
relation  between  the  applied  wind  stress  and  currents  is 
Bade. 

The  results  of  the  coherence  study  between  the  cur¬ 
rents  at  the  selected  sodel  depths  and  the  applied  wind 
stress  using  the  lovpass  filtered  data  running  fros  0.05  - 
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1.0  cpd  g«acrally  ccaforMd  to  the  hypothesis  presented 
above.  The  coherence  was  generally  high  between  the  n-cos- 
ponent  of  the  current  and  the  ycosp^nent  of  the  wind 
stress.  This  coherence  pattern  was  siaicked  by  the  v>car- 
rent  and  z-wind  stress  except  at  lower  coherence  valnes. 
is  expected,  the  coherence  falls  off  with  depth  with  a 
narked  decrease  between  level  3  (31  s)  and  level  5  (71.5  s) . 
Bacall  that  level  3  provided  a  satisfactory  indication  of 
the  base  of  the  sized  layer  when  averaged  over  the  entire 
year  of  data  and  level  5  provided  a  satisfactory  indication 
of  the  transition  zona  or  seasonal  theraccline  below  the 
sized  layer.  iccordlng  to  the  coherence  results,  it  sain- 
tains  a  coherence  of  less  than  0.4  over  sost  of  the  fre- 
guency  range  ezaained  and  therefore  appears  to  be  prisarily 
below  the  Eksan  depth  in  the  so  del.  Because  of  the  strong 
seasonal  signal,  a  spectrus  analysis  of  seasonally  strati* 
fied  data  say  be  beneficial  in  the  future. 

The  coherence  values  between  the  surface  u*current 
and  y*wind  stress  ranged  fros  a  high  of  0.966  to  a  low  of 
0.193.  The  coherence  is  over  0.90  in  the  frequency  range 
fros  0.0  *  0.625  cpd  and  finally  drops  below  0.80  at  0.87 

cpd  at  level  1  (5  s).  Ifter  this  point,  the  coherence 


continQAs  to  fall  through  tha  cast  of  tha  aaalyzad  fcaquancy 
ranga.  This  ovarall  pattam  is  raflactad  in  tha  lazal  3  (31 
a)  analysis,  only  with  lowar  coharanca  values.  Tha  aazlauB 
▼alua  is  raducad  to  0.8S3  with  a  ainiauB  of  0.090.  Tha 
▼aluas  stay  above  0.75  froa  0.0  -  0.516  cpd  and  finally  drop 
balow  0.65  at  0.'90  cpd.  This  trend  coaplately  disappears  at 

Vl 

level  5  (71.5  a).  The  cohersncas  are  all  below  0.375  except 
at  two  peaks  *■  one  cantered  at  0.57  cpd,  the  other  at  0.856 
cpd.  These  peaks  increase  to  coherences  of  0.650  and  0.575 
respectively,  and  aay  reflect  Bkaan  puaping/suction.  They 
are  also  visible  at  level  10  (313  a).  Froa  this  analysis, 
it  appears  that  the  aodel  currents  follow  Bkaan  theory  at 
the  surface  and  level  3  at  fraguencies  as  high  as  0.90  cpd. 
it  higher  fregu ancles  and  at  or  below  71  a,  there  is  little 
aeaningful  relationship  between  the  steady  Bkaan  response 
and  the  currents. 

The  phase  inforaation  produced  by  the  correlation 
study  between  the  wind  stress  and  the  aodel  currents  was 
ezaained  to  investigate  the  deflection  angle  produced  by  the 
Bodel's  Bkaan  response.  Only  the  phase  angles  at  s'  «  o.O 
cycles/lay  corresponding  to  the  annual  signal  were  used,  but 
the  results  are  valid  in  the  aodel  for  tiae  scales  such 
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9r«at«r  than  a  day.  Graphical  solatisn  tachnlqaas  ware 
aaployad  osing  the  spectral  energy  at  0.3  cpd  as  the  sagni- 
tads  of  each  coaponent  to  deterelne  the  deflection  angle 
between  the  total  wind  stress  and  the  currents  at  the  sur¬ 
face  throu^  level  5  (71.5  s).  There  is  a  lot  of  variation 
in  the  results  because,  though  the  coherence  is  high  between 
the  currents  and  their  orthogonal  wind  stress  (approziaately 
0.88  above  31  a),  it  is  low  in  the  cross-correlation  between 
both  the  current  coaponents  and  the  wind  stress  coeponents 
theaselves  (about  0.18). 


In  the 

three 

levels  ezaained. 

the 

phase  was  0.0® 

between 

the  u 

and  v-currents;  i 

between  u 

and  the  y-wind 

stress. 

and  between 

the  z-strass 

and 

the 

y- stress.  The 

V- current  and 

z-wind 

stress  were 

180® 

out 

of  phase.  The 

v-curren 

t  leads 

both 

the  u-currant 

and 

z-wind  stress.  The 

y-wind  stress  leads  the  u-current.  Hhen  the  wind  and  cur¬ 
rent  coaponents  were  plotted,  soae  interesting  results  were 
noted  which  confimed  the  conclusions  reached  above.  The 
surface  current  was  deflected  roughly  83.0<>  to  the  right  of 
the  wind  stress,  with  the  current  at  31  e  deflected  14. 5^ 
further  for  a  total  of  97.5^  to  the  right  of  the  wind.  But 
the  current  at  71.5  a  was  approziaately  24. 4^  to  the  left  of 
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tfatt  31  ■  carrsnt  or  73. to  the  right  of  the  vial.  The 
expected  Bkaan  spiral  representation  breaks  down  at  71.5  a. 
Bat,  recall  the  coherence  studf  rewealed  wery  little  corre¬ 
lation  between  the  wind  stress  and  the  currents  at  this 
depth.  This  nay  be  a  further  indication  that  the  Eknan 
depth  in  the  aodel  is  abowe  71.5  a.  It  is  felt  this  depar¬ 
ture  froB  Eknan  theory  is  due  to  the  inclusion  of  the  geos- 
trophic  currents  in  this  study.  The  geostrophic  currents 
should  be  renewed  before  any  concrete  conclusion  is  reached, 
but  it  appears  froa  this  analysis  that  the  open  ocean  cur¬ 
rents  are  consistent  with  Bkaan  nheory  at  low  frequency. 
The  deflection  angles  near  90^  are  reass nable  because  the 
aodel  assuaes  a  well  nixed  upper  layer  (i.e.  a  unifora  wel- 
ocity,  not  unifora  eddy  wiscosity)  and  therefore  the  cur¬ 
rents  equate  to  the  aass  transport  at  each  lewel.  They  do 
cot  indicate  a  surface  current  which  would  be  deflected  45o 
to  the  right  of  the  wind  according  to  Eknan  theory. 

C.  PINE  HESB  IHTBBkBIOkL  COHPkRISOH 

The  aajor  finding  in  the  interannual  coaparison  was  that 
the  spectral  features  established  in  the  1976-77  data 
reaained  wirtually  unchanged  in  the  1969-70  data.  Just  the 
aagnitude  of  the  spectral  intensities  were  reduced  in 
1969-70. 
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One*  again,  tha  input  wind  stress  was  analyzed  to  deter- 
aine  if  a  spectral  peak  was  prasent  which  could  be  reflected 
in  the  sodel  currents,  see  Fig.  14.  when  no  peak  was  found, 
a  cosparison  was  aade  with  the  wind  data.  The  pat* 
tern  was  similar,  but  the  spectral  energy  associated  with 
the  1969*70  winds  was  consistently  lower  than  its  1976*77 
counterpart  (except  at  frequencies  below  Q.2  cpd  where  the 
z*coepoaents  were  equal)  .  This  deaonstrated  an  intensity 
difference  in  the  low  frequency  winds  iron  one  year  to 
another. 

The  reduced  intensity  in  the  spectral  energy  associated 
with  the  winds  is  reflected  in  the  predicted  nodel  currents. 
The  three  spectral  peaks  associated  with  Bkaan  flow,  the 
inertial  frequency  and  the  tiie  differencing  error  at  high 
frequency  appear  in  beth  the  u  current.  Fig.  15,  and  t  cur* 
rent.  Fig.  16,  analyses.  Tha  inertial  frequency  is  srill 
shifted  toward  lower  walues  coapared  to  the  frequency  calcu* 
lated  froa  the  ccriolis  parameter  associated  with  the  grid* 
point's  latitude.  The  calculated  inertial  frequency  is 
1.3806  cpd  while  the  aodel's  inertial  response  is  at  1.0256 
cpd,  as  it  was  in  the  1976*77  results.  The  spectral  energy 
is  reduced  at  all  levels  and  is  generally  confined  in  a 
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narrow«c  frcqnancy  band  than  its  1976-77  rounterpart.  This 
rssalt  is  STidsnt  when  the  energy  fros  half  the  height  of 
the  spectral  peaX  at  1.0256  cpd  and  the  bandwidth  over  which 
it  is  distributed  displayed  in  Table  II  is  coapared  to  those 
in  Table  I. 


T&BLS  II 


Half  Pgwe 
for  Hodel 

r  Spectral  Energy  (ca  /sec 
Inertial  Hction  for  Pine 

)  and  Bandwidth  (cod) 
Hesh  (JOL  69  -  JON  70)  . 

ism 

O-COHFOHEHT 

fimsx 

T-COHPOHEHT 

SSISgl 

BkNDWIDTH 

sfc  (Sa) 

2.754  X  10 

0.195 

1.995  X  10* 

0.338 

L0  3  (31a) 

6.607  X  10' 

0.314 

5.754  X  10* 

0.337 

L05  (71. Sa) 

3.020 

0.410 

2.754 

0.411 

L10 (313a) 

3.631  X  10"* 

0.246 

3.631  X  10‘* 

0.223 

The  high  frequency  peak  is  at  the  sane  frequency  as  the 
peak  obtained  in  the  1976-77  data  set  study.  This  fact  is 
consistent  with  the  hypothesis  that  it  is  due  to  a  tiae  dif¬ 
ferencing  error.  The  low  frequency  peak  corresponding  to 
Ekaan  flow  is  virtually  unchanged  in  the  two  data  sat  ana¬ 
lyses.  The  BBS  u  and  v  currents  are  respectively:  23.5  and 
20.6  ca/sec  at  the  surface  and  h.O  and  3.8  ca/sec  at  71.5  a 
and  below. 

These  results  indicate  that  though  the  energy  associated 
with  the  aodel  depicted  currents  aay  change  froa  year  to 
year,  its  response  to  the  forcing  paraaters  appears  to  be 
consistent,  at  least  in  the  two  years  analyzed. 
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of  0-Cb«poaeDt  Current  in  Pine  Mesh  Model 


pectrui  of  ?-co«poneQt  Current  in  Fine  Hesh  Model 


D.  COJOtSS  6BZD  COBPiBISOH 

■hm  th«  1976'' 77  S'-hoorly  fine  leeh  lata  were  coepared 
to  its  6-hoar ly  coarse  grid  coanterpart,  soae  interesting 
conditions  were  obserwed.  The  expected  spectral  pattern  was 
repeated  in  the  coarse  grid  analysis;  bat  the  signal  associ¬ 
ated  with  the  spectral  peaks  was  storngar  coapared  to  the 
backgroand  spectral  energy  than  it  was  in  the  fine  sesh 
spectral  resalts. 

The  spectral  peak  associated  with  the  aodeled  inertial 
response  was  the  aost  doainant  featare  visible  in  both  the  a 
and  w  current  cosponent  analyses.  Figs.  17  and  18,  respec¬ 
tively.  This  Bodel  characteristic  is  the  sane  as  the  fine 
aesh  response;  bat  it  is  shifted  away  fcoa  the  true  inertial 
pericd  toward  even  Icwer  frequencies  than  the  shift  in  the 
fine  aesh.  Recall  that  the  calculated  inertial  frequency 
for  the  fine  aesh  gridpoint  was  1.3289  cpd  and  the  sodel's 
response  was  at  1.0256  cpd.  In  the  coarse  grid  representa¬ 
tion,  the  calculated  inertial  frequency  is  1.3549  cpd  and 
the  sodel's  response  is  at  0.7220  cpd.  The  results  of  this 
analysis  suggest  that  a  tisestep  of  one  (1)  hour  say  be 
required  to  sisulate  the  inertial  notion  at  such  aore  nearly 
the  proper  frequency.  The  energy  associated  with  half  the 


hslqht  of  the  spectral  peak  at  0.722  cpd  and  the  bandwidth 
over  which  it  is  distxibated  is  displayed  in  Table  III. 


TiBL2  in 


um 

sf  c  (5b) 

L0  3  (31b) 
LOS  (71.5b) 


O-COHPORVT 

SlSIfiX  fiilMUZJ 

7.079  X  10*  0.100 


T-C3HPOHEMT 

SBSm  B&BfiSISIB 

5.888  z  10*  0.123 


8.511  z  10 
8.710 


L10(313b)  5.888  z  10 


0.156 

0.168 

0.120 


7.413  z  10 
8.710 

6.607  z  10*^ 


0.163 
0.123 
0.  108 


8hen  the  abowc  walaes  are  coepared  to  thair  fine  aesh  conn- 
terparts  in  Table  1,  it  is  notad  that  the  energy  is  slightly 
lower  bat  is  ccnflned  in  a  narrower  band  in  the  coarse  grid 


Bodel. 


The  high  frequency  peak  found  at  roughly  2.5  tines  the 
tine  step  in  the  fine  aesh  run  was  at  nearly  3  tines  the 
tine  step  in  the  coarse  grid  run.  Plus,  it  was  anplifled  in 
the  Interior  layers  and  becaae  a  doninant  feature  at  71.5  a. 
Because  it  was  located  at  roughly  the  sane  point  relative  to 
the  tine  step  and  its  aagnitude  was  dependent  on  the  aodel 
resolution  (including  the  tiaestep)  ,  this  high  frequency 
peak  see as  to  be  due  to  the  tine  splitting  characteristics 
of  the  leapfrog  tine  differencing  scheae  used  in  the  aodel. 
One  approach  to  test  this  hypothesis  would  be  to  run  the 


rmauoKr  (cvact/MT) 

If  of  0-co«poiient  Current  in  Coarse  Grid  Model 


Coaponeut  Currert  In  Coarse  Grid  Hodel 


■od«l  using  tlis  Bolsr-backvardostsp  svacy  Itaration  rathar 
than  arary  aight  staps,  to  raaova  tha  "tiaa-spllttlng"  in 
tha  nodal  sonltlon.  If  this  hypothasis  is  corract,  this 
nathcd  would  raaowa  this  paak  fcon  tha  spactral  profila. 

Tha  low  fraguancy  notion  is  ccnsistent  with  tha  notion 
displays d  in  tha  fina  nash  siaulation.  Tha  uppar  portion  of 
tha  nodal  ocean  shows  a  baroclinic  raspoise  with  barotropic 
notion  below  71.5  a.  Tha  u  and  v  power  spactrun  raspac- 
tiwaly  display  BBS  currants  of  the  order  of  23.1  and  19.4 
cn/sac«  raspactiwaly ,  at  tha  surface  and  2.5  and  1.2  cn/sacr 
respactiwaly,  at  71.5  a  and  balow.  These  values  are  sons- 
what  lower  than  those  obtained  froa  the  fina  nash  solution 
which  is  consistent  with  tha  reduced  aaplitudes  depicted  in 
tha  coarse  grid  inertial  response. 

* 

Tha  result  of  doubling  the  resolution  is  aultifaceted. 
Tha  fraguancy  of  the  inertial  notion  is  closer  to  the  calcu¬ 
lated  value  in  the  fina  nesh  nodal,  but  it  is  sneared  over  a 
broader  fraguancy  range.  Tha  effect  of  the  high  freguency 
"tiaa-^litting”  is  reduced  by  increasing  tha  resolution. 
The  Ekaan  response  is  sinilar  in  both  cases  but  the  energy 
levels  are  slightly  higher  in  tha  fina  nesh  siaulation. 
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V.  COBCLOSIOM 


Th«  BaB«y  oc«an  ganaral  circulation  nodal  consistantly 
prodocaa  thraa  spactral  paaka  whan  analyzad  oaar  a  ona-yaar 
pariod.  Tteaa  paaka  ara  locatad  at  tha  lowaat  diacarnibla 
fraquanciaa#  at  roughly  a  aid** tango  ualia  and  at  tha  high 
fraquancy  and.  Thay  raapactiaaly  correapond  to  the  aodel'a 
Ekaan  raaponsa  to  ataoapharic  aynoptic  forcing,  inartial 
notion  and  a  poaaibla  nuaarical  error  due  to  tha  finite  dif¬ 
ferencing  aathod  uaad.  This  overall  pattern  retained  ita 
structure  whan  an  intarannual  coaparison  was  conducted 
using  the  fine  aash  aiaulation.  Only  the  aagnituda  of  the 
spactral  energy  changed  in  both  tha  analyzed  input  wind 
stress  and  the  predicted  currents.  This  daaonstrates  the 
variation  in  both  ataospharic  forcing  and  nodal  response 
froB  year-to-year.  Whan  a  coaparison  between  the  coarse 
grid  and  tha  fine  grid  was  aade  over  tha  sane  tiaefraae,  the 
thraa-paak  spactral  pattern  was  repeated  but  aaplificd, 
shifted  toward  lower  frequencies  and  concentrated  over  a 
narrower  frequency  band. 
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Th«  ln«rtial  aoticn  in  th«  aodtl  sinalation  was  shiftad 
toward  lo war  fraqaandas  in  both  tha  flna  and  coacsa  grid 
raprasantations.  Tha  fragnanci  of  tha  nodal* a  Inartlal 
notion  wan  warifiad  bj  a  rotary  npactrnn  analyais  an  datar- 
ninad  by  tha  nininna  walna  of  tha  ratio  of  tha  cyclonic  to 
anticydonic  anargy.  In  tha  1976»77  fina  grid  sinnlation, 
tha  inartial  notion  was  shiftad  approxinataly  six  hoars  fron 
a  troa  pariod  of  18.06  h  to  23.40  h  in  tha  nodal.  In  tha 
1969-70  data  tha  shift  was  fron  17.38  h  to  23.40  h.  This 
shift  was  swan  graatar  in  the  coarse  grid  raaolation«  bat 
tha  inartial  energy  was  confioad  to  a  narrower  fraqaancy 
range.  Tha  coarsa  grid  rasponsa  was  shiftad  aboat  15.5  h 
fron  a  traa  pariod  of  17.71  h  to  33.24  h.  This  shift  is 
partially  daa  to  tha  stability  criteria  of  tha  finite  dif¬ 
ferencing  schana#  which  dapands  on  fAt.  nith  a  3-hoar  tine 
step  in  tha  fina  nash  ra present  at ion  and  an  inartial  pariod 
of  approxinataly  18  hoars,  this  accoants  for  roaghly  3/18  or 
a  16S  shift.  1  6-hoar  tine  step  in  tha  coarse  grid 
accoants  for  aboat  6/18  or  a  33X  error. 

Tha  nodalad  inartial  aotloo  does  display  sona  charactar- 
istlcs  obsarwad  in  tha  ocean.  Tha  spectral  anargy  associ¬ 
ated  with  this  notion  is  high  in  tha  sarfaca  lawals  and 
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fall*  off  vith  dopth.  On*  govoraing  condition  appoars  to  ba 
Mhothor  tho  analpsod  lovol  la  abova  or  balov  tha  saasonal 
tharaoclina.  Tha  Inartial  anacgy  in  tha  currants  falls  off 
rapidly  bslov  tha  sarfaca  layar.  Such  a  dacraase  in  inar¬ 
tial  notion  anargy  with  dapth  was  obsacrad  off  Tancouwar 
Island,  British  Colnsbia  (Thoason  and  Huggatt,  1961) . 
Through  tha  Bichardson  nunbar  study  dapicted  in  Figs.  3  and 
S,  it  was  danonstratad  that,  though  the  contribution  say  not 
ba  large,  tha  inartial  notion  does  add  to  tha  turbulent  nix¬ 
ing  in  tha  nodal.  Tha  dapth  of  the  turbulent  layer  is 
reduced  if  tha  inartial  notion  was  filtered  out  of  the  total 
nodel  predicted  currants  when  calculating  the  gradient  Bich¬ 
ardson  nunbar. 

The  low  freguancy  response  is  consistent  with  Bknan 
flow.  This  was  confirnad  through  a  correlation  study  using 
lowpass  filtered  data.  This  study  showed  a  high  correlation 
(a  coherence  on  tha  order  of  0.88)  between  the  predicted 
currants  and  tha  orthogonal  wind  stress  conponant  down  to  31 
a.  The  next  lawal  analyzed,  71.5  n,  showed  considerably 
less  correlation  (a  ccharanca  of  0.37)  with  tha  orthogonal 
winds.  This  natchas  tha  pralinlnary  findings  fron  the 
VOBFAZ  drifter  data  which  denonstrata  little  change  in 


cQcrvnt  obs«XTations  ov«r  first  30  m  of  the  analjzed 
vatar  oolnan.  The  phase  Inforaation  fros  the  cocrelatioo 
study  indicated  a  aaas  transport  to  the  right  of  the  wind 
stress  as  ezpscted  frea  Ekaan  Iheory.  The  deflection  angle 
was  rooghly  83*  at  the  surface  increasing  to  97. 5^  at  31  a. 
But  it  decreased  to  73.ie  at  71.5  a,  indicating  sose  other 
physics  (possibly  geostrophic  flow)  was  also  inwolwed. 

To  further  delineate  the  aodel*8  current  response  to 
wind  stress#  the  predicted  currents  could  be  diwided  into 
seasonal  groups.  This  would  allow  a  better  study  of  the 
currents  in  relation  to  the  aired  layer  than  can  be  done 
over  an  entire  annual  cycle.  If  all  the  lewels  were  ana¬ 
lysed  Ties  a  few  selected  ones#  the  bottos  of  the  surface 
response  could  be  located  and  coapared  to  the  wORPhX  drifter 
data  and  other  current  seasureaents  in  the  ocean.  Since  the 
geostrophic  current  coaponents  can  be  calculated  exactly  by 
the  aodel#  they  could  be  subtracted  froa  the  total  currents 
leasing  the  ageostrophic  current .  This  ageostrophic  field 
could  then  be  analyzed  to  Investigate  the  aodel's  character¬ 
istics  in  the  reals  of  Ekaan  dynaaiss.  The  curl  of  the  wind 
stress  could  also  be  calculated  to  detaraine  areas  of  Ekaan 
suction  and  pnaping.  Plus#  cosplez  transfer  functions  could 
give  an  indication  of  their  freguency  dependence. 
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Th«  high  fr«qa«ncf  peak  foand  in  ths  spectral  resnlts 
was  onexpected.  It  is  located  at  a  period  roaghly  2.5  tines 
the  tine  step  in  the  fine  nash  nodal  and  displays  vigoroas 
cyclonic  notion.  In  the  coarse  grid  resolation#  it  is 
shifted  to  approxiaately  three  tines  the  tine  step.  Its 
anplitade  is  aagnified  in  the  coarser  resolution  configura¬ 
tion.  i  possible  explanation  is  that  it  is  related  to  the 
"tine  splitting*  problens  inherent  with  the  leapfrog  tine 
differencing  scheae.  To  test  this  hypothesis,  an  Buler- 
backward  procedure  could  be  inserted  every  tine  step  to  danp 
out  this  "tine  splitting*  in  the  nunerical  solution.  This 
would  renove  this  peak  fron  the  spectrun.  It  should  be 
noted  that  the  energy  level  associated  with  this  tine  split¬ 
ting  is  very  snail  in  coaparison  with  the  currents  siaulated 
in  the  nodal. 

Further  investigation  is  caguired  to  fully  understand 
this  nodel*s  circulation  characteristics.  Once  analysis  of 
the  lOBPkX  drifter  data  is  coapleta,  a  verification  of  the 
nodel*s  perforaance  should  be  conducted.  The  results  of 
these  studies  will  validate  the  nodal  and  aake  it  a  viable 
tool  in  understanding  the  structure  and  tine-varying  general 
circulation  of  the  Worth  Pacific. 


iPPBMDIX  A 


1h«  following  tablos  show  the  results  of  the  rotary 
spectruB  analysis  perforsed  on  the  1976-77  fine  aesh  data 
set.  The  aodel  and  theoretical  values  lisplayed  In  these 
results  are  fros  a  ratio  of  the  cyclonic  to  anticyclonlc 
coaponents  In  the  notion  analyzed.  The  larger  the  value 
listed,  the  stronger  the  cyclonic  notion  at  that  particular 
frequency.  Recall  froa  theory  that  a  value  of  zero  equates 
to  the  inertial  frequency  while  a  value  of  one  corresponds 
to  rectilinear  notion.  the  variables  presented  in  the  fol¬ 
lowing  tables  correspond  to: 

PBBQ  ■  frequency  (cycles/day) 

GOO  a  u-curr«nt  autospectrua 
GT?  a  v-current  autospectrua 
QOT  a  quadrature  or  iaaginary  cross  spectrua 
of  u  and  V 

HODBL  a  aodel  rotary  spectrua  (equation  2) 

TBBOBT  a  theoretical  rotary  spectrua  (equation  3) 
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TABLE  lY 


Rotary  Spactraa  '  Fine  Hash  Data 


FREQ 

8:?!f 

8:185 


8 


:8l 


V 

8, 


GOU 

.265E-»0« 
.148B«04 

SiliiitSS 

0.106S-«>04 
0.9 14B+03 

otSoll+ol 

0.44  3E^03 
0.566B-t-03 
Q.758E<f03 
0.980E<»03 
0.96  214  03 
0.64  21403 
0.32IE4Q3 
0.155B403 
0.951E4O2 
0.66  9E402 
0.4  06E402 
0.242E402 
0.172E402 
.12SE402 
.101E4Q2 
J.890S401 
0.796E401 
0.7S6E401 
Q.714E4Q1 
0.707E401 

0.536E401 
0.4511401 
0.4QOE401 
Q.481E401 
Q.535E401 
0.4  4  0E401 
Q.3  74E401 
0.477E401 
0.818E401 
0. 110E402 
0.113E402 
0.991E401 
Q.875E4gi 
0.8071401 
0.6  898401 
0.630E401 
0.6248401 
0.5388401 
1.416E4Q1 
148401 
18401 
.  J2+01 
678401 
1258401 


W 

8 


GYV 

0.1768404 

1048404 

-.6058403 

0.4588404 

0.4748403 

0.5308403 

8:IHi:8! 

0.214E4Q3 

0.2958403 

0.3398403 

0.4588403 

0.6218403 

0.8488403 

0.8598403 

.5818403 


QOY 

•0.23  3840  3 
•0.26484  03 
•0.3148403 
•0.3188403 
•0.3738403 
•0.4678403 
•0.4938403 
0.3418403 
•0.1828403 
•0.25084  03 
•0.3508403 
0.4658403 
•0.6548403 
•0.87184  0  3 
•0.8  728403 
0.58484  03 


0.3038403  -0.2958403 
0.1568403  -0.1408403 


1.9638402 

0.6618402 

Q.4Q9B4( 
0. 307841 _ 
0. 2948402 
0.2188402 
Q. 1758402 
0.  1608402 
5.1268402 
0.  1038402 
0.9358401 
5.8548401 
5.7718401 
0.8438401 
5.8278401 

5.6638401 

5.6078401 
5.5938401 
5.5458401 
5.61 18401 
0.5598401 
0.4698401 
5.4648401 
5.5138401 
0.8928401 
5,  1348402 
5.  1398402 
5,  1108402 
5.8908401 
5.7328401 
0.4  90  8401 
■  758401 

]  18401 
--348401 
^3858401 
,2528401 
- 1728461 
. 1908451 
]8184gi 
»59B45i 


-  40E4t  - 
0.8398402 
5.54  98402 
0.3118402 
0.18884  02 
0.1428402 
0.8258401 

0.2178401 
0.5398400 
0.5458400 
0.1348401 
i58E45i 
18484  00 
.1278401 
-.2018401 
0.2018401 
0.2138401 
C.259B401 
6.35084  01 
0.3468401 
0.28284  01 
0.  2678401 
0.34  784  01 
0.6798451 
0.9958451 
0.  1078402 
0.9028401 
0.7228461 
0.6538401 
0.3  998401 
5.3098401 
C.455E45i 
0.3978401 
0.2788401 

0.8  8684  00 
0.999E40C 
0.5  3484  r 


HOOBL 

0.8098400 
0.65584  00 
0.5088400 
0.8048400 
0.3478400 
0.2148400 
5.1478456 
5.1688455 

0.2798400 
0.16  58400 
0.5518-01 
0.4798-01 
0.2688-01 
5.23 98-01 
0.2158-01 
0.2288-01 
0.3428-01 
3.5058-51 
0.6588-01 
0  .  94  8  8-01 

8IiIIe488 

0.2428400 
0.34 98450 
Q.47184QQ 
5.5428455 
0.6528400 
0.8868400 


0.94  7  8400 
5.  1478401 
5.1988451 
0.2088401 
0.2388401 
0.3438401 
0.4588401 
0.4458401 
0.4268401 
0.4508401 
6.5708401 
5.8718401 
5.9838451 

6.99  98401 
5.8258401 
0.5208401 
0.40  28401 
5.  56  2  8401 
0.6728401 
0.5538401 
0.3978401 

5.2858451 
5.26  08401 
5.  1898401 
5.1168401 


THEORY 

0.8158400 
0.6628400 
0.5378400 
0.4348400 
0.3498400 
0.2798400 
0.2218400 
0.1748405 
0.1358400 
0.1038400 
0.7698-01 
0.5598-01 
0.3948-01 
0.2648-01 
0.1668-01 
0.9368-02 
5.4478-02 
5.1488-52 
0. 1288-03 
0.2028-03 

iimui 

0.7078-02 
0.1108-01 
0.1578-01 
0.2598-5i 
0.2668-01 
0.3268-01 
0.3908-01 
0. 4578-01 
0.526B-5i 
0.5978-01 
0.6708-01 
0.7438-01 
0.8178-01 
0.8938-01 
0.9688-01 
0.  1048400 
0.1128400 
0. 1208400 
0.1278400 
0. 1358450 
0. 1428400 
0. 1508400 
0. 1578400 
0. 1658400 
0.  1728400 
0.1798400 
0.  1878400 
0. 1948400 
0.2018400 
0.2088400 
1.2158400 
“]845o 

55B4o8 
0.2428400 
0.2488400 
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TABLE  TI 


Rotary  Spactru.  R..ujg  ?  a),  Pina  Bash  Data 


FREQ 
0.  068 

hk 

8:J1? 

0,476 

0,547 

0,615 

0,684 

S:l« 

,iii 

l:8iS 

1,162 

1,230 

lill 

1,436 

1-PI 

1,641 

VMi 

1,846 

1,914 

m 


w 

S: 


600 

0,568E-*'02 

0.184E'*-02 

0,  1  Q8E^01 
0,1748+01 
0.234E+01 
Q.206E+01 
0,1661+01 
0,3098+01 

0,1258+02 
0.3808+01 
0.2  068+01 
0,1158+01 
0.5988+0 
0.3728+0 

8:8181:.. 
0.2  088+00 
0.  1768+00 

8;Uli:88 

8:1181:88 
0.1268+00 
0, 1 148+00 
0.1 058+00 
0,1038+00 
0,9608-01 
0.7  368-01 

8:  |  i:81 

Q.873E-01 

0.9138-01 

8:1881:88 
0.2508+00 
0.355E<00 
3,3478+00 
3.2  208+00 
3.1518+00 

liiBi 

life 

>14818-01 

3.5628-01 

3.5668-01 

3,4958-01 


GPy 

0.3808+02 
0.2548+02 
0.7088+01 
0.  2418+01 
0.1658+01 
0.1908+01 

8:1811:81 
5.1618+01 
0.  3608+01 
Q.68SE+01 
0.1428+02 

8:1111:8! 

8:l!ii:8! 

5.1168+02 
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